This paper investigates the unusual characteristics regarding the mechanical properties of Nylon-11 filled with different volume fractions of silica nanoparticles by selective laser sintering (SLS) from numerical simulation. The compressive modulus was predicted by two different numerical models and compared with the experimentally measured one. While the two-phase model has a limited capability in explaining the unusual behavior shown in the compressive modulus obtained by experiments with 2% volume fraction of nanoparticles, the effective interface model can simulate the unexpected characteristic of nanocomposites according to the volume fraction of nanoparticles. We can conclude that the effective interface model should be employed to predict the mechanical properties of nanocomposites for efficiency and accuracy.
Introduction
Polymer systems often have light weight, ductile nature, and relatively ease of production while they have lower modulus and strength compared to metals or ceramics [1, 2] . Thus, various fillers including fibers, whiskers, platelets, or particles are employed to improve the mechanical properties of polymers as their advantages are maintained. Among the fillers, particles are usefully implemented for the enhanced mechanical performance of polymers for engineering applications in which strength and toughness are very important parameters to be taken into account. Especially, nanoparticles have unique features in improving stiffness and toughness compared to micro-or macroscale particles. Since the higher surface area of nanoparticles can promote stress transfer from the matrix to the particles, the mechanical strength of polymers can be more dramatically improved than that with micro-or macroscale particles [2] [3] [4] . Several experiments have investigated the effect of particle size and attained the enhanced mechanical properties of composites with decreasing particle size [5, 6] . On the other hand, a decreasing particle size may cause defects or flaws such as brittleness [7] . These defects or flaws can be reduced by distributing nanoparticles homogeneously in a matrix, and several researches have been conducted for homogeneous dispersion [8] [9] [10] .
Recently, an advanced technique that incorporates deliberately designed transitions in materials composition and properties within a component in preferred directions to optimize the functional value of that component is presented, which is functionally graded materials (FGMs) [11] . The concept of FGMs is applicable practically in various engineering fields such as aerospace, nuclear energy, energy conversion, electronics, optics, and biosystems [12] . While the ability to manufacture complex components using FGMs is highly desirable, at present, efficient automated techniques to build such components realized as per design are limited. In this respect, layered manufacturing techniques such as selective laser sintering (SLS) have the potential to be ideal techniques to automatically build such components [2] . Chung and Das have tried to fabricate a one-dimensional FGM by SLS in the structure direction using micro-to nanoparticulate-filled polymer and demonstrated its feasibility successfully. From their study, tensile and compression specimens were also generated by SLS and mechanical tests were conducted. In the case of Nylon-11 composites filled with silica nanoparticles, they showed that both the modulus increases and the strain at break decreases as the volume fraction of silica nanoparticles increases. However, there exists a critical composition at which these characteristics undergo an inversion in their trends [3] . This paper aims at examining this peculiar tendency of Nylon-11/silica nanocomposites by experiment from the theoretical viewpoint.
Several researches have focused on the simulation based on the continuum model to analyze the mechanical properties of composites. The unit cell model has been conducted widely to predict the mechanical properties because this model reduces the computational time and provides accurate mechanical properties [13] [14] [15] . These continuum models based on the macro/microlength and time scales presented that the elastic modulus of composites consistently increases with increasing volume fraction of particles [16, 17] . Atomic simulations such as molecular dynamics (MD) and Monte Carlo (MC) techniques are moreover employed to study the structure and properties of composites, especially for composites with nanoscale particles, whose analysis with a continuum model is impractical [18, 19] . However, both MD and MC techniques require excessive computational time as particle size increases. In this paper, we characterize the mechanical properties and the distinct tendency of Nylon-11/silica nanocomposites according to the volume fraction of nanoparticles whose diameter is 15 nm. Since MD or MC is impractical for analyzing composites filled with nanoparticles whose diameter is over 7 nm, we adopted a simulation model based on continuum and discussed unusual behavior presented from our experiments [3] . In this paper, we successfully demonstrate the unexpected characteristics regarding the mechanical properties of polymer nanocomposites according to the volume fraction of nanoparticles.
Effective Interface Model
The Mori-Tanaka model assuming that only two phase regions exist has been widely used to analyze the mechanical properties of composites [20] [21] [22] . For nanoscale particles, the interface region exiting physically between the particle and the polymer matrix cannot be considered as a continuous region, and the mechanical properties can no longer be determined through traditional micromechanical approaches [23] . It is inappropriate to be described as consisting of just two phase regions, and the interface region needs to be defined adequately. Thus, the effective interface model has been proposed, which incorporates an effective interface region between the particle region and the polymer matrix region. The phase regions are perfectly bonded to each other similar to the Mori-Tanaka model. The effective interface model has been employed to predict the mechanical properties of a composite with the interface of the same spherical shape as the particle. The effective interface has a finite size and is commonly referred to as an interphase or an interaction zone [1] . For this model, the bulk elastic stiffness tensor is
where c i , c p , and c m are the volume fractions of the effective interface, particle, and matrix, respectively, C i , C p , and C m are the stiffness tensors of the effective interface, particle, and matrix, respectively, T p and T pi are the dilute strainconcentration tensors given by
where S p is the Eshelby tensor [24] . For a spherical particle and an isotropic matrix, the components of the Eshelby tensor are
,
The effective interface is modeled as having a finite size with a discrete transition even though the actual molecular structure has a gradual transition to the bulk molecular one. Since it is assumed that the dispersion of nanoparticle is homogeneous, the elastic modulus of nanocomposites is analyzed with the unit cell. Finite element simulations were performed within the framework of the small displacements theory and materials were assumed to behave as linear, elastic, and isotropic solids. While the model that the nanoparticle is bonded to Nylon-11 is composed of just two phases, the effective interface model has three phases where the effective interface was modeled as perfect spherical and existed between Nylon-11 and 15 nm silica nanoparticles. It is also assumed that the equivalent-continuum interfacial region is both continuous and homogeneous. Figure 1 shows a schematic description of unit cell in two-phase model and three-phase model, respectively.
Results and Discussion

Two-Phase Model.
A two-phase model based on continuum has been used to analyze the mechanical property of composites filled with macro/microparticles in previous studies. In order to evaluate rationality to use the twophase model for nanocomposites, the two-phase model was preferentially generated to predict the mechanical property of nanocomposites. The compressive modulus of Nylon-11/silica nanocomposite produced by SLS was investigated with respect to the volume fraction of nanoparticles by the two-phase model. Poisson's ratios of the particle and matrix are taken as 0.19 and 0.35, respectively. Young's modulus of silica particle is 88.7 GPa and that of Nylon-11 matrix is 1.24 GPa [2, 3] . Figure 2 shows a model of unit cell used in the two-phase model and compares the compressive modulus obtained from numerical simulations with experimental results presented elsewhere [3] . For experimental results, five specimens were generated for each composition, and accordingly compressive tests were conducted. All the values including 2% volume concentration represent the averaged values within 2% error range from five compressive tests.
As shown in Figure 2 , the compressive modulus calculated from simulations continuously increases with increasing volume fraction of nanoparticles and is consistent with experimental results at 4% and 6% volume fraction of nanoparticles. However, the simulation result the by twophase model presents an increased modulus at 2% volume fraction of nanoparticles while the compressive modulus from the experiment demonstrates the decreased modulus at 2% volume fraction of nanoparticles. The experimental results imply that there exists a critical composition at which the characteristics of compressive modulus as a function of volume fraction of nanoparticles undergo an inversion in their trends but the two-phase model is not able to reflect this behavior. The compressive modulus of the nanocomposite simulated by the two-phase model shows a good agreement with the experimental results up to 6% of volume fraction. This might have resulted from the assumption that the polymer matrix was perfectly bonded to nanoparticles because 15 nm fumed silica nanoparticles have a much higher Young's modulus than Nylon-11. However, the two-phase model has a limited capability in explaining the unusual behavior shown in the modulus obtained by experiments with 2% volume fraction of nanoparticles even if a polymer matrix experiences full melting and resolidification by SLS. Figure 2 , the experimental compressive modulus at 2% volume fraction is even lower than the pure Nylon-11 even though the modulus increases as the volume fraction of nanoparticles increases from 4%. In order to explain why the compressive modulus at 2% volume fraction has a different tendency, it is proper to use the effective interface model. 15 nm fumed silicas are not perfectly bonded to the Nylon-11 polymer matrix due to their size relative to polymer chains. Thus, the region around nanoparticles embedded in the polymer matrix has a different density from that of a pure polymer, which is denoted as the effective interface region. The effective interface region has a lower Young's modulus than that of Nylon-11 due to sparse structure around nanoparticles. The effective interface region has a structural characteristic consisting of flexible polymer chains that are typically in sequences of adsorbed segments and unadsorbed segments, such as loops and tails. They are in turn entangled with other chains in their proximity and are necessarily bound to the surface. Hence, the density of the effective interface region becomes lower resulting from the weak interaction between chains and the surface because loops and tails extend farther into the matrix. This phenomenon is indicated by the smaller size of the particles, which is 15 nm.
Effective Interface Model. As shown in
In order to estimate Young's modulus of composite, the volume fraction and the mechanical properties of the effective interface are prerequisite. We have determined Young's modulus of the effective interface from an iterative procedure between calculations with the effective interface equations (1)- (4) and numerical calculations with finite element method. Various volume fractions of the effective interface are tried for each volume fraction of silica particles to analyze Young's modulus of composite. The procedure is summarized in Figures 3 and 4 shows a model of unit cell used in the effective interface model. Figure 5 compares the compressive modulus obtained from the numerical simulations with the experimental results presented elsewhere [3] . As presented in Figure 5 and Table 1 , the performed analysis demonstrates that the volume fraction of the effective interface plays an important role in the mechanical property of nanocomposites. We attempted to prove that our model expects an unusual characteristic of compressive modulus under various volume fractions of the effective interface. For the volume fraction of the effective interface, 10%, 15%, and 20% are tried. Figure 5 shows the compressive modulus as a function of volume fraction of the effective interface for nanocomposites with 2%, 4%, and 6% volume fraction, respectively. The compressive modulus of the nanocomposite increases with decreasing volume fraction of the effective interface while the compressive modulus of the nanocomposite decreases with decreasing Young's modulus of the effective interface for composites with 2% volume fraction of particles. With 4% and 6% volume fraction of particles, the compressive modulus of the nanocomposite increases with increasing volume fraction of the effective interface.
As shown in Figure 5 (a), the compressive modulus of the nanocomposite with 2% volume fraction of particles decreases with increasing volume fraction of the effective interface and is even smaller than the neat polymer. However, Journal of Nanomaterials this trend becomes opposite in nanocomposites with 4% or larger volume fraction of nanoparticles. As the volume fraction of effective interface increases, the compressive modulus of nanocomposite also increases and is larger than the neat polymer. Figure 6 shows the compressive modulus as a function of volume fraction of nanoparticles under various volume fractions of the effective interface.
As shown in Figure 6 , only for 2% volume fraction of nanoparticles, Young's modulus of the composite is smaller than that of the matrix as observed in the experiments. Young's modulus of matrix is depicted with a red line in Figure 6 . All the calculated Young's moduli with different volume fractions of the effective interface are also consistent with the experimental observations as shown in Figure 6 . The low density of the effective interface induces small Young's modulus of the effective interface. Thus, the effective interface behaves as a tender layer surrounding the nanoparticle and induces very small Young's modulus of composite such as the composite with 2% volume fraction of nanoparticles. As the volume fraction of the particle with high modulus increases, the effect of the effective interface is vanished by the increased amount of strong particles. Hence, it suggests that there must be the critical volume fraction of particles that induces the distinct influence of the effective interface on the mechanical property of nanocomposites.
While the two-phase model is not able to expect the unusual behavior shown in the modulus by the experiment with 2% volume fraction of nanoparticles, the compressive 6 Journal of Nanomaterials modulus obtained by the effective interface model shows a good agreement with the experimental results overall. We can conclude that the effective interface model should be employed to predict the mechanical properties of Nylon-11 composites filled with silica nanoparticles for efficiency and accuracy.
Conclusions
This paper investigates the unusual characteristics regarding the mechanical properties of Nylon-11 filled with different volume fractions of silica nanoparticles by selective laser sintering (SLS) from numerical simulation. The compressive modulus was predicted by two different numerical models and compared with the experimentally measured one.
The compressive modulus calculated from the twophase model continuously increases with increasing the volume fraction of nanoparticles and is consistent with the experimental results at 4% and 6% volume fraction of nanoparticles. However, the simulation result by the twophase model presents an increased modulus at 2% volume fraction of nanoparticles while the compressive modulus from the experiment demonstrates the decreased modulus at 2% volume fraction of nanoparticles. The experimental results imply that there exists a critical composition at which the characteristics of the compressive modulus as a function of the volume fraction of nanoparticles undergo an inversion in their trends but the two-phase model is not able to reflect this behavior.
In order to explain why the compressive modulus at 2% volume fraction has a different tendency, the effective interface model was introduced here. The compressive modulus of the nanocomposite with 2% volume fraction of particles decreases with increasing volume fraction of effective interface and is even smaller than the neat polymer. However, this trend becomes opposite in nanocomposites with 4% or larger volume fraction of nanoparticles. As the volume fraction of the effective interface increases, the compressive modulus of the nanocomposite also increases and is larger than the neat polymer. Consequently, we could successfully demonstrate the unexpected characteristics regarding the mechanical properties of polymer nanocomposites according to the volume fraction of nanoparticles using the effective interface model. We can conclude that the effective interface model should be employed to predict the mechanical properties of nanocomposites for efficiency and accuracy.
